different method on carbon-terminated SiCð0001Þ substrates (4) , indicating a very low density of inplane atomic scattering centers in those samples. Thus, the transport properties in epitaxial graphene are critically influenced by the microscopic properties of the sample, determined (at least) by the substrate and growth conditions. For carbon-based electronics, this work highlights the need for further microscopic studies that are correlated closely with macroscopic transport measurements. Tandem solar cells, in which two solar cells with different absorption characteristics are linked to use a wider range of the solar spectrum, were fabricated with each layer processed from solution with the use of bulk heterojunction materials comprising semiconducting polymers and fullerene derivatives. A transparent titanium oxide (TiO x ) layer separates and connects the front cell and the back cell. The TiO x layer serves as an electron transport and collecting layer for the first cell and as a stable foundation that enables the fabrication of the second cell to complete the tandem cell architecture. We use an inverted structure with the low band-gap polymer-fullerene composite as the charge-separating layer in the front cell and the high band-gap polymer composite as that in the back cell. Power-conversion efficiencies of more than 6% were achieved at illuminations of 200 milliwatts per square centimeter.
P
olymer solar cells based on conjugated polymer and fullerene composites offer special opportunities as renewable energy sources because they can be fabricated to extend over large areas by means of low-cost printing and coating technologies that can simultaneously pattern the active materials on lightweight flexible substrates (1) (2) (3) (4) . Although encouraging progress has been made with power-conversion efficiencies (h e ) of 5% having been reported (5-9), the limited efficiency has hindered the path toward commercialization.
The "tandem cell" architecture, a multilayer structure that is equivalent to two photovoltaic cells in series, offers a number of advantages. Because the two cells are in series, the opencircuit voltage (V oc ) is increased to the sum of the V oc 's of the individual cells. The use of two semiconductors with different band gaps enables absorption over a broad range of photon energies within the solar emission spectrum; the two cells typically use a wide band-gap semiconductor for the first cell and a smaller band-gap semiconductor for the second cell (10) . Because the electron-hole pairs generated by photons with energies greater than that of the energy gap rapidly relax to the respective band edges, the power-conversion efficiency of the two cells in series is inherently better than that of a single cell made from the smaller band-gap material. Moreover, because of the low mobility of the charge carriers in the polymer-fullerene composites, an increase in the thickness of the active layer increases the internal resistance of the device, which reduces both the V oc and fill factor (FF) (11) . Thus, the tandem cell architecture can have a higher optical density over a wider fraction of the solar emission spectrum than that of a single cell without increasing the internal resistance. The tandem cell architecture can therefore improve the light harvesting in polymer-based photovoltaic cells.
Tandem structures have been investigated for small-molecule heterojunction organic solar cells (12) (13) (14) (15) and for hybrid organic solar cells in which the first cell uses an evaporated smallmolecule material and the second cell uses a conjugated polymer; the two cells are separated by a semitransparent metal layer (16) . Recently, polymer-fullerene composite tandem cells were reported (17) (18) (19) (20) . In these devices, a thermally evaporated metal layer is used as a chargerecombination layer and as a protection layer (to prevent interlayer mixing) during the spincasting of the second cell (17) (18) (19) . These polymerbased tandem cells exhibit a high V oc , close to the expected sum of the V oc 's of the two subcells, but the short-circuit current (J sc ) is lower than that of either single cell. When the same polymer was used for the front and back cells, the small J sc was attributed to the absorption spectra being identical, so that the back cell absorbs less incident light and thus limits the photocurrent (because the two cells are in series, the current through the multilayer device is determined by that from the back cell). Moreover, because the interfacial metal layer is only semitransparent, the additional absorption also reduces the intensity of the light incident on the back cell. Thus, even when two different polymers are used, the photocurrent is correspondingly reduced.
We report here that we have successfully demonstrated the application of polymer-based bulk heterojunction tandem cells, with each layer processed from solution. A transparent TiO x layer is used to separate and connect the front cell and the back cell. The TiO x layer serves as an electron transport and collecting layer for the first cell and as a stable foundation that enables the fabrication of the second cell to complete the tandem cell architecture. In earlier work on tandem cells fabricated with organic semiconductors, the analogous intermediate layer was formed by the evaporative deposition of a semitransparent metal layer in high vacuum. This increases the complexity of device fabrication and causes unwanted loss of light intensity (due to absorption) to the back cell (14) . For the tandem cells reported here, the TiO x intermediate layer was deposited from solution (by means of sol-gel chemistry) with no substantial interlayer mixing. The performance of the polymer tandem solar cell is summarized as follows: J sc = 7.8 mA/cm 2 , V oc = 1.24 V, FF = 0.67, and h e = 6.5%. (PCPDTBT) and [6, 6] -phenyl-C 61 butyric acid methyl ester (PCBM). The charge-separation layer for the back cell is a bulk heterojunction composite of poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C 71 butyric acid methyl ester (PC 70 BM). The two polymer-fullerene layers are separated by a transparent TiO x layer and a highly conductive hole transport layer, poly(3,4-ethylenedioxylenethiophene)-polystylene sulfonic acid (PEDOT:PSS) (Baytron PH500 from H. C. Starck, Newton, Massachusetts, USA). Electrons from the first cell combine with holes from the second cell at the TiO x -PEDOT:PSS interface.
The TiO x layer is deposited by means of solgel chemistry, as described in (9) . The TiO x layer serves five separate functions. First, hydrophilic TiO x separates the PEDOT:PSS that is cast on it from aqueous solution, from the underlying hydrophobic PCPDTBT:PCBM charge-separating layer of the front cell; the hydrophobic TiO x precursor becomes hydrophilic after conversion to TiO x . Second, the TiO x layer breaks the symmetry in the front cell and thereby creates the open-circuit voltage. Third, the TiO x functions as an electron transport layer. Fourth, the TiO x functions as a hole blocking layer because the top of the valence band of TiO x is sufficiently electronegative, 8.1 eV below the vacuum, to block holes (9) . Finally, the top TiO x layer (i.e., between the P3HT:PC 70 BM charge-separating layer of the back cell and the aluminum electrode) acts as an optical spacer that redistributes the light intensity to optimize the efficiency of the back cell (9) .
Cross-sectional images of the polymer tandem solar cells taken with high-resolution transmission electron microscopy (TEM) show the individual layers clearly (Fig. 1B) (21) . Perhaps more important, the various interfaces are very sharp; there is no interlayer mixing.
The energy-level diagram (Fig. 1C) indicates the highest occupied molecular orbital (HOMO) energies and the lowest unoccupied molecular orbital (LUMO) energies of the individual component materials. As noted, the V oc of the tandem cell is equal to the sum of the V oc of each subcell because the front and back cells are connected in series (12) .
The absorption bands of the PCPDTBT and P3HT ( Fig. 2A) complement each other and make these two materials appropriate for use in the two subcells of a spectrum-splitting tandem cell device. The absorption spectrum of a film of the bulk heterojunction composite of each subcell and that of a bilayer film of PCPDTBT: PCBM and P3HT:PC 70 BM are shown in Fig.  2B . The absorption of the PCPDTBT:PCBM film is weak in the visible spectral range but has two strong bands: one in the near-infrared (near-IR) between 700 and 850 nm that arises from the interband p-p* transition of the PCPDTBT (22) and one in the ultraviolet (UV) that arises primarily from the HOMO-LUMO transition of the PCBM. The absorption of the P3HT:PC 70 BM film falls in the "hole" in the PCPDTBT:PCBM spectrum and covers the visible spectral range. The electronic absorption spectrum of the tandem structure can be described as a simple superposition of the absorption spectra of the two com- Tandem cells generally use a wide band-gap material as the first charge-separation layer and a narrow band-gap material as the second chargeseparation layer with a thinner front cell than the back cell so that the photocurrents generated in each subcell are balanced. In our case, because of the non-optimum phase morphology of the PCPDTBT:PCBM composite, increasing the film thickness of this layer above 130 nm leads to reduced values for both J sc and FF in single cells (22) . However, the J sc of a P3HT:PC 70 BM single cell increases as the film thickness increases up to 200 nm, beyond which the FF is reduced. Because of these material characteristics, we have chosen an "inverted tandem cell" structure with the low band-gap bulk heterojunction composite (PCPDTBT:PCBM) as the front cell and the higher band-gap bulk heterojunction composite (P3HT:PC 70 BM) as the back cell (Fig. 1B) (21) .
We have measured the incident photon-tocurrent collection efficiency (IPCE) spectra of both the single cells and of the tandem cell, using a bias light on the tandem cell to confirm the series connection of the subcells and to extend the data over the full spectral coverage (Fig. 3A) (16, 21, 23 ). Each single cell shows the known spectral response of its bulk heterojunction composite, which is in excellent agreement with the absorption spectra of the two composites (Fig. 2B ): The P3HT:PC 70 BM composite gives a maximum IPCE of~78% at 500 nm, and the PCPDTBT:PCBM composite has two dominant peaks (~35% at 750 to 800 nm and over 32% below 440 nm). When carrying out the measurements on the tandem cell, we find that biasing the device with 530-nm blue light and with 730-nm red light selectively excites the front and back cells, respectively, showing that (i) the device harvests photons from the UV to the near-IR, and (ii) each subcell functions individually (23) .
The current density versus voltage (J-V) characteristics of single solar cells and the tandem solar cell with PCPDTBT:PCBM and P3HT: PC 70 BM composites under Air Mass 1.5 Global (AM1.5G) illumination from a calibrated solar simulator with irradiation intensity of 100 mW/cm 2 are shown in Fig. 3B . The single devices show a typical photovoltaic response with device performance comparable to that reported in previous studies (9, 22) With two subcells stacked in series, the current that is extracted from the tandem cell is determined by the current generated in either the front or back cell, whichever is smaller (23) . Accordingly, when there is greater carrier generation in either subcell, these excess charges cannot contribute to the photocurrent and so compensate for the built-in potential across that subcell. This compensation leads to a reduced V oc in the tandem cell (19) .
To optimize and balance the current in each subcell, we tried all possible variations of the tandem cell architecture: by changing the order of the active materials, by varying the concentration and ratio of each component in the composite solutions, and by varying the thicknesses of the two bulk heterojunction materials. Because of the high extinction coefficient of the PCPDTBT:PCBM composite, the P3HT:PC 70 BM back cell has the smaller J sc of the two subcells and is thus the limiting cell (23) . The FF of the tandem cell can be very near the FF of the limiting cell. Thus, we use the P3HT:PC 70 BM as the back cell to obtain a higher FF.
More than 200 individual tandem cells were made in order to optimize the fabrication procedure and device architecture (24) . This optimization led to the inverted tandem cell device depicted in Fig. 1B . Using this inverted structure, we fabricated more than 20 tandem cells with efficiencies above 6.2%. Performance parameters for a typical device are as follows: J sc = 7.8 mA/cm 2 , V oc = 1.24 V, FF = 0.67, and h e = 6.5%. The J sc in the tandem cell is consistent with the IPCE measurements because the photocurrent in the back cell from IPCE is 72% of that of the P3HT:PC 70 BM single cell, confirming that the back cell is the limiting cell for J sc as well as for FF.
Initial measurements of the stability of the tandem cell yield promising results. After storing the tandem cell in N 2 for 3500 hours ( fig.  S2A ), its efficiency decreased from h e = 6.5 to 5.5%. This relatively small decrease after nearly half a year confirms the robustness of the tandem cell architecture. Moreover, the tandem solar cells showed reasonable stability under continuous illumination. When exposed continuously to irradiation with an intensity of one sun (AM1.5G), the tandem cell retained~70% of its original efficiency after 40 hours and over 60% even after 100 hours ( fig. S2B) (21) . Clearly, more extensive measurements on the degradation of packaged devices are required in future work.
The J-V characteristics of the optimized inverted tandem cell, measured with different incident light intensity from 0 to 200 mW/cm 2 , are shown in Fig. 4A. In Fig. 4B , the performance parameters of the tandem cell (J sc , V oc , FF, and h e ) are plotted as functions of the incident light intensity. Because J sc is linear with illuminated light intensity, there is no substantial space charge buildup in the tandem device. The V oc also increases monotonically with an increase in the light intensity and approaches , whereas h e = 3.5% at 2 mW/cm 2 and h e = 6.1% at 200 mW/cm 2 . With these performance parameters, it is evident that the subcells in our tandem cell are connected in series and provide enhanced coverage of the solar spectrum.
